A demonstration and description of the LOCA Toolkit for US light water reactors (LOTUS) is presented. Through LOTUS, the core simulator VERA-CS developed by CASL is coupled with the fuel performance code FRAPCON. The coupling is performed with consistent uncertainty propagation with all model inconsistencies being well-documented. Monte Carlo sampling is performed on a single 17 Â 17 fuel assembly with a three cycle depletion case. Both uncertainty quantification (UQ) and sensitivity analysis (SA) are used at multiple states within the simulation to elucidate the behavior of minimum departure from nucleate boiling ratio (MDNBR), maximum fuel centerline temperature (MFCT), and gap conductance at peak power (GCPP). The SA metrics used are the Pearson correlation coefficient, Sobol sensitivity indices, and the density-based, delta moment independent measures. Results for MDNBR show consistency among all SA measures, as well for all states throughout the fuel lifecycle. MFCT results contain consistent rankings between SA measures, but show differences throughout the lifecycle. GCPP exhibits predominantly linear relations at low and high burnup, but highly nonlinear relations at intermediate burnup due to abrupt shifts between models. Such behavior is largely undetectable to traditional regression or variance-based methods and demonstrates the utility of density-based methods.
Introduction
Nuclear plant modeling contains a plethora of physical phenomena in the fields of neutronics, fluid dynamics, heat transfer, solid mechanics, material sciences, and chemistry. The approach in past years has been to develop codes which emphasize a particular field and include simplified models for all other essential phenomena. For instance, FRAPCON-4.0 (http://frapcon.labworks.org) has extensive fuel performance modules with idealized thermal hydraulics in the form of a single channel enthalpy rise mode. This partitioning among disciplines has allowed the nuclear research community to maintain a structured approach for furthering modeling capabilities in a variety of fields. However, when phenomena are interrelated, as is the case in many nuclear application, this siloed approach prevents proper mathematical coupling of the models involved.
Multiphysics environments allow for the combining of programs with differing specialties by treating each code as modules in a larger structure. Past research which is of particular interest within the scope of this work includes a coupling between the fuel performance code FRAPCON-3.5 (http://frapcon.labworks.org) and the fluid dynamics code TRACE-V5P3 (https://www.nrc.gov/docs/ ML0710/ML071000097.pdf) by Porter et al. (2015) , FRAPCON-3.5 with lattice physics code SCALE-Polaris (http://www.casl. gov/docs/CASL-U-2014-0017-000.pdf) by Bratton et al. (2016) , and the fuel performance code BISON (https://bison.inl.gov/) with the reactor physics code Serpent (http://montecarlo.vtt.fi/ development.htm) by Wu et al. (2015) . 
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Contents lists available at ScienceDirect Annals of Nuclear Energy j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / a n u c e n e employ a multiphysics environment that utilizes VERA-CS (http:// www.casl.gov) for neutronics and thermal hydraulics, FRAPCON-4.0 (http://frapcon.labworks.org) for steady state fuel performance, FRAPTRAN-2.0 (http://frapcon.labworks.org) for transient fuel performance, BISON (https://bison.inl.gov/) as a more extensive and computationally expensive second option for fuel performance, and RELAP5-3D (http://www4vip.inl.gov/relap5/) for transient thermal hydraulics. The scope of the work presented herein is based on a coupling between the well-established fuel performance code FRAPCON-4.0 (http://frapcon.labworks.org) and VERA-CS (http://www.casl.gov), which is currently under development by the U.S. Department of Energy's Consortium for Advanced Simulation of Light Water Reactors (CASL).
LOTUS will aid in the development of uncertainty quantification (UQ) and sensitivity analysis (SA) methodologies in a versatile multiphysics environment. UQ establishes confidence intervals for outputs of interest while SA quantifies the amount of output variance attributable to specific inputs. Both UQ and SA play critical roles in the safety analyses of nuclear power plants. In the past, UQ and SA have typically focused on the plant's thermal hydraulics (Boyack and al., 1989) . Fairly recently, UQ and SA have been extended into fuel performance (Ikonen, 2016; Ikonen and Tulkki, 2014) with assumed representative power history, power shapes, and thermal hydraulic conditions as inputs. Initial analysis has also been performed on coupled neutronics/thermal hydraulics models with VERA-CS (Brown and Zhang, 2016; Brown et al., 2016) . While work is currently being done at CASL to implement the fuel performance code BISON into VERA-CS (Stimpson et al., 2016) , to our knowledge no UQ/SA work has been done for coupled neutronics/thermal hydraulics and fuel performance calculations.
Uncertainty propagation is achieved via a direct data flow between the codes. Such a connection has often not been possible in the past when dealing with computationally expensive codes. In such cases, a smaller sample size is used for the expensive program, from which probability density functions (PDF) for outputs are estimated. These PDF are then used to create larger samples for faster codes not subject to hardware constraints. Fortunately, the high performance computer (HPC) resources at INL allow for a large sampling of VERA-CS with a direct data connection to FRAP-CON. While more expensive, this method negates the need for the aforementioned PDF generation and multiple samplings. The direct connection framework will also be imperative for future work involving strong coupling (see Section 2.3).
UQ and SA are performed on a quasi-steady state, three cycle depletion case for a single PWR fuel assembly. The SA metrics used are Pearson correlation coefficients, Sobol sensitivity indices, and delta moment independent measures (Borgonovo, 2007) . The figures of merit are the minimum departure from nucleate boiling ratio (MDNBR), maximum fuel centerline temperature (MFCT), and gap conductance at peak power (GCPP).
Results for MDNBR indicate consistent rankings among all SA measures for inputs with significant impact. The measures of greatest impact are core power, inlet temperature, outlet pressure, and rated flow. The SA measures show relatively low variation among all states. The measures also indicate a high degree of linearity for input relations to MDNBR.
MFCT also maintains consistent rankings among all SA measures; however, significant changes occur for SA measures between states. Initial states show a strong impact from fuel thermal conductivity with substantial contributions from fuel and cladding radii. With the onset of fuel and cladding contact, the significance of geometric factors vanishes, leaving nearly all uncertainty resulting from fuel thermal conductivity. In later phases of burnup, core power and fuel density begin to play minor roles in MFCT due to their effect on burnup, which in turn affects fuel thermal conductivity.
GCPP studies reveal large nonlinearities, large difference in rankings between SA measures, and radical changes from state to state. This behavior is in accordance with past work performed by Ikonen (2016) and Ikonen and Tulkki (2014) . Uncertainty in lower burnup states mainly originates from fuel and cladding radii, causing relatively large GCPP uncertainties with linear relations to inputs.
In states near the initial state of contact, some data remains within the open-gap group, while other data contains closedgaps with low interfacial pressures. This latter group contains roughly a twentieth of the variance of the open-gap models. In the low interfacial pressure closed-gap states, the little uncertainty that exists is largely due to variation in water side corrosion. While counterintuitive, the insulating effect of the outer layer of zirconium dioxide causes a roughly 10°C temperature jump in the cladding, gap, and fuel. This corresponds to a 1.3% rise in gas conductivity, thereby increasing gap conductance.
Later states show a secondary shift to high pressure/high burnup models. Initially, fuel swelling and cladding creep contribute the most to GCPP uncertainty due to their effect on interfacial pressure, which in turn increases the solid gap conductance. With higher burnup states, core power, cladding radius, fuel density, and fuel radius affect burnup which in turn alters the interfacial pressure due to fuel swelling and densification.
The change between open-gap, low pressure closed-gap, and high pressure closed-gap cases causes abrupt switching between three models. Each of these models is linear, however the abrupt shift between the models can create bimodal or trimodal PDF. The modes within these PDF can differ in variance by an order of magnitude. Such behavior is largely undetectable by more traditional regression or variance methods, thus demonstrating the utility of the density-based delta moment independent measures.
LOTUS toolkit
LOTUS seeks to create a multiphysics environment for modeling various phenomena under loss of coolant accident (LOCA) as well as other transient scenarios. LOUTS incorporates well-established computer codes as well as those currently under development. In such environment, codes are treated as modules that are 'under the hood', which can be called upon similar to a traditional subroutine. This methodology is superior to the time intensive, error prone method of manually creating and modifying input files.
The problems of interest for LOTUS span five areas of research: core design automation (CD-A); fuel/clad performance (FP); systems analysis (SA); uncertainty quantification, sensitivity analysis and risk assessment (RA); and core design optimization (CD-O). LOTUS contains UQ tools designed to satisfy the industry standard best estimate plus uncertainty (BEPU) methodology as well as the framework for SA to identify which inputs are most relevant (see Sections 5.2 and 5.3 for details). A conceptual schematic of the LOTUS framework is shown in Fig. 1 .
The scope of this work only involves a subset of the LOTUS framework, focusing on core design automation using VERA-CS (http://www.casl.gov) which is currently under development, and the well-established FRAPCON-4.0 (http://frapcon.labworks.org) code for fuels performance. Both UQ and SA are performed on the three FOM described in Section 1. The case selected for study is a quasi-steady state depletion case. Future studies involving transient calculations, such as LOCA cases for which LOTUS is designed, will use the steady state case to supply initial conditions. 
